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(54) OPTICAL RECEIVER AND OPTICAL TRANSMISSION SYSTEM

(57) The present invention includes an optical
band-limiting filter (10) which imposes a band-limitation
on an input optical signal, an opto-electric converter (11)
which converts the optical signal output from the optical
band-limiting filter (10) into an electric signal, a lowpass
filter (12) which imposes the band-limitation on the elec-
tric signal output from the opto-electric converter (11), an

amplifier (13) which amplifies the output signal of the low-
pass filter (12), and an electric equalizer (14) which per-
forms an equalization processing on a waveform of the
electric signal output from the opto-electric converter (13)
are provided, and a full width at half maximum of the
optical band-limiting filter (10) is set to be equivalent to
or smaller than a bit rate frequency of the optical signal.



EP 1 617 578 A1

2

5

10

15

20

25

30

35

40

45

50

55

Description

TECHNICAL FIELD

[0001] The present invention relates to an optical re-
ceiver and an optical transmission system that includes
an optical receiver. More specifically, the present inven-
tion relates to an optical receiver and an optical trans-
mission system each of which holds high-quality,
large-capacity, long-distance communications using an
electric equalizer or the like.

BACKGROUND ART

[0002] An equalization technique for equalizing a
waveform distortion using an electric circuit has been
conventionally, actively utilized for high-quality data
transmission in fields of wired communication using a
metallic cable or the like and wireless communication.
[0003] However, since application of the technique to
optical communication has been confronted by various
disadvantages, it has just been made practical. Specifi-
cally, as examples of the application of the electric equal-
izer to the optical communication system proposed so
far, examples of a configuration of a feed-forward equal-
izer (FFE) based on a transversal filter are disclosed in
the Patent Literatures 1 and 2 (see below). In addition,
an example of a configuration of a decision feedback
equalizer (DFE) based on a transversal filter is disclosed
in Patent Literature 3. Further, an example of a configu-
ration of a Viterbi equalizer using maximum likelihood
sequence estimation (MLSE) is disclosed in the Patent
Literature 4 (see below).

Patent Literature 1: Japanese Patent Application
Laid-open No. H8-163027

Patent Literature 2: Japanese Patent Application
Laid-open No. 2000-299263

Patent Literature 3: Japanese Patent Application
Laid-open No. 2001-308750

Patent Literature 4: Japanese Patent Application
Laid-open No. 2001-7765

[0004] These application examples are characterized
by easily performing small-sized and high-rate waveform
shaping using an electric equalization filter that performs
waveform equalization in an electric region without using
an optical equalization filter that performs waveform
equalization in an optical region. A distorted signal which
has been subjected to an opto-electric conversion is de-
coded using the electric equalizing filter. By doing so, it
is intended to ensure a high signal quality even in a trans-
mission system which suffers waveform dispersion and
polarization mode dispersion inherent in an optical trans-
mission path.

[0005] Accordingly, each of these application exam-
ples is basically an extension of a utilization method of
the electric equalizer in the wired communication and the
wireless communication, and not a proposal of an optical
communication system actively using the technique.
[0006] Meanwhile, with a view of improving the signal
quality of the optical transmission system, if the electric
equalization filter is used only for expecting an effect of
improving a waveform of a received signal, only advan-
tages such as a reduction in size and a reduction in cost
of an apparatus are exhibited.
[0007] Only with the advantages, however, the ob-
tained signal quality is as same as the signal quality ob-
tained when an optical equalizing unit is employed.
Therefore, these advantages do not essentially, greatly
contribute to an improvement in function of the entire
apparatus.
[0008] The present invention has been achieved in
light of these circumstances, and has an object to obtain
an optical communication system with an improved func-
tion using a waveform improving effect of an electric
equalizer. Specifically, it is an object of the present in-
vention to provide an optical receiver and an optical trans-
mission system that uses this optical receiver capable of
increasing a transmission rate and improving frequency
utilization efficiency without degrading receiving charac-
teristics.

DISCLOSURE OF THE INVENTION

[0009] An optical receiver according to an aspect of
the present invention includes an optical band-limiting
filter which imposes a band-limitation on an input optical
signal; an opto-electric converter which converts the op-
tical signal output from the optical band-limiting filter into
an electric signal; and an electric equalizer which per-
forms an equalization processing on a signal waveform
of the electric signal output from the opto-electric con-
verter, wherein a full width at half maximum of the optical
band-limiting filter is equivalent to or smaller than a bit
rate frequency of the optical signal.
[0010] According to the above aspect, the optical
band-limiting filter is provided on an upstream side with
respect to the opto-electric converter. The full width at
half maximum of this optical band-limiting filter is set to
be equivalent to or smaller than the bit rate frequency of
the optical signal. The optical band-limiting filter imposes
a band-limitation on the input optical signal. The op-
to-electric converter converts the optical signal output
from the optical band-limiting filter into an electric signal,
and the electric signal is input to the electric equalizer.
The electric equalizer performs an equalization process-
ing on a signal waveform of this electric signal. In a series
of these processings, the optical band-limiting filter im-
poses the band-limitation on the signal in the optical re-
gion, so that the SNR can be improved. On the other
hand, however, a waveform distortion and an inter-sym-
bol interference occur. The waveform distortion and the
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inter-symbol interference can be eliminated by the equal-
ization processing performed by the electric equalizer in
the electric region.

BRIEF DESCRIPTION OF THE DRAWINGS

[0011]

Fig. 1 is a block diagram which depicts a configura-
tion of an optical receiver according to a first embod-
iment of the present invention; Fig. 2 is a block dia-
gram which depicts a configuration of an optical re-
ceiver according to a second embodiment of the
present invention; Fig. 3A is a graph of penalties
when a cutoff frequency of a lowpass filter is changed
from viewpoints of an inter-symbol interference and
a signal-to-noise ratio (SNR), respectively; Fig. 3B
is a graph of a relationship between the cutoff fre-
quency of the lowpass filter and a total penalty of the
inter-symbol interference and the SNR; Fig. 4 is a
block diagram which depicts a configuration of an
optical receiver according to a third embodiment of
the present invention; Fig. 5 is a block diagram which
depicts a configuration of an optical transmission
system according to a fourth embodiment of the
present invention; Fig. 6A is a waveform view for a
frequency spectrum of a non-return-to-zero (NRZ)
optical signal at 10 Gb/s; Fig. 6B is a connection
block diagram around an optical coupler when the
NRZ optical signal is multiplexed; Fig. 6C is a wave-
form view for a frequency spectrum of a WDM signal
obtained by multiplexing five waves of the NRZ op-
tical signal at 10 Gb/s at intervals of 100 gigahertz
(Ghz); Fig. 7A is a waveform view for a frequency
spectrum of the NRZ optical signal at 10 Gb/s; Fig.
7B is a connection block diagram around the optical
coupler when the NRZ optical signal is multiplexed;
Fig. 7C is a waveform view for a frequency spectrum
of a WDM signal obtained by multiplexing five waves
of the NRZ optical signal at 10 Gb/s at intervals of
10 Ghz; Fig. 8 depicts waveform observation points,
at which the waveform of the transmitted WDM signal
is observed, on the block diagram of the system;
Figs. 9A to 9G depict frequency spectra or eye pat-
terns of optical signals or electric signals at the re-
spective observation points shown in Fig. 8; Fig. 10A
is a block diagram which depicts one example of a
configuration of the FFE; Fig. 10B is a block diagram
which depicts one example of a configuration of a
combination of the FFE and the DFE; and Fig. 11 is
a graph of a relationship between frequency utiliza-
tion efficiency and Q-factor penalty, depending on
the presence of the electric equalizer 14.

BEST MODE FOR CARRYING OUT THE INVENTION

[0012] Exemplary embodiments of an optical receiver
and an optical transmission system according to the

present invention will be explained in detail with reference
to the accompanying drawings.

FIRST EMBODIMENT

[0013] Fig. 1 is a block diagram which depicts a con-
figuration of an optical receiver according to a first em-
bodiment of the present invention. The optical receiver
shown in Fig. 1 includes an optical band-limiting filter 10
into which an optical signal is input, an opto-electric con-
verter 11 which receivers an output (the optical signal)
of the optical band-limiting filter 10, a lowpass filter 12
which receives an output (an electric signal) of the op-
to-electric converter 11, an amplifier 13 which receives
an output (the electric signal) of the lowpass filter 12, and
an electric equalizer 14 which receives an output (the
electric signal) of the amplifier 13.
[0014] An operation of the optical receiver will next be
explained. In Fig. 1, the optical band-limiting filter 10 into
which the transmitted optical signal is input imposes a
band-limitation on a spectrum of the optical signal. The
optical signal passed through the optical band-limiting
filter 10 is converted into the electric signal by the op-
to-electric converter 11, and input to the lowpass filter
12. The lowpass filter 12 imposes a band-limitation on
the electric signal converted by the opto-electric convert-
er 12 in an electric region. The band-limited signal output
from the lowpass filter 12 is input to the amplifier 13,
subjected to a signal level adjustment by the amplifier
13, and output to the electric equalizer 14. The electric
equalizer 14 performs a signal waveform equalization
processing on the band-limited signal, the output level of
which is adjusted by the amplifier 13, and outputs the
resultant signal to a decision circuit which is not shown.
[0015] The equalization processing in the electric re-
gion performed by the electric equalizer 14 can effectively
suppress an excessive inter-symbol interference that oc-
curs due to the band-limitation imposed by the optical
band-limiting filter 10. That is, the output from the electric
equalizer 14 is, as a signal which can suppress inter-sym-
bol interferences, made to a following decision circuit.
[0016] In order to effectively suppress the inter-symbol
interference, the optical band-limiting filter 10 should ef-
fectively impose the band-limitation on the signal. As an
index that represents filter characteristics of the optical
band-limiting filter 10, a full width at half maximum
(FWHM) defined by a wavelength difference between a
shortest wavelength and a longest wavelength, at which
a signal intensity in a certain wavelength region is half a
maximum intensity is considered. It is assumed herein
that the FWHM that represents the filter characteristics
of the optical band-limiting filter 10 is "BW" and that a bit
rate frequency of the optical signal is "Rb", it is preferable
to select the BW so that the BW and the Rb satisfy a
relationship of BW<Rb. Namely, the FWHM of the optical
band-limiting filter 10 is preferably set to be equal to or
smaller than a signal transmission rate.
[0017] As explained above, according to the optical
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receiver of the first embodiment, if a wavelength division
multiplexing communication is to be held, only a desired
wavelength is caused to selectively pass through the op-
tical band-limiting filter having a sufficiently narrow band
(e.g., equal to the bit rate frequency) while a wavelength
multiplicity is set high. It is thereby possible to construct
the optical receiver having the high frequency utilization
efficiency without deteriorating the receiving character-
istics.
[0018] In the first embodiment, the optical receiver is
constituted so that the optical band-limiting filter having
the band-limiting function is arranged just on an upstream
side with respect to the opto-electric converter. Depend-
ing on the configuration of an optical transmission sys-
tem, this optical band-limiting filter can be arranged on a
transmitting end.

SECOND EMBODIMENT

[0019] Fig. 2 is a block diagram which depicts a con-
figuration of an optical receiver according to a second
embodiment of the present invention. The optical receiv-
er shown in Fig. 2 is constituted so that the optical
band-limiting filter is removed from the configuration
shown in Fig. 1. The other constituent elements of the
optical receiver shown in Fig. 2 are equal or equivalent
to those of the optical receiver shown in Fig. 1. Like con-
stituent elements as those according to the first embod-
iment are designated by like reference signs, respective-
ly.
[0020] An operation of this optical receiver will next be
explained with reference to Figs. 2, 3A, and 3B. Fig. 3A
is a graph of penalties when a cutoff frequency of the
lowpass filter 12 is changed from viewpoints of the in-
ter-symbol interference and a signal-to-noise ratio
(SNR), respectively. Fig. 3B is a graph of a relationship
between the cutoff frequency of the lowpass filter 12 and
a total penalty of the inter-symbol interference and the
SNR.
[0021] With reference to Fig. 2, the transmitted input
signal is input to the opto-electric converter 11, converted
into an electric signal by the opto-electric converter 11,
and input to the lowpass filter 12. The lowpass filter 12
imposes a band-limitation on the electric signal converted
by the opto-electric converter 11 in the electric region. A
band-limited signal output from the lowpass filter 12 is
input to the amplifier 13, subjected to a signal component
level adjustment by the amplifier 13, and output to the
electric equalizer 14. The electric equalizer 14 performs
a signal waveform equalization processing on the
band-limited signal, the output level of which is adjusted
by the amplifier 13, and outputs the resultant signal to a
decision circuit which is not shown.
[0022] In the first embodiment, the FWHM of the optical
band-limiting filter 10 is set at an appropriate value so as
to effectively suppress the degradation of the signal qual-
ity due to the inter-symbol interference. On the other
hand, in the second embodiment, the cutoff frequency of

the lowpass filter 12 needs to be set at an appropriate
value in light of a signal quality degradation dependent
on the SNR of the received optical signal and a signal
quality degradation resulting from the inter-symbol inter-
ference that occurs due to the band-limitation imposed
by the lowpass filter 12.
[0023] In Fig. 3A, curves C1 and C2 are graphs that
show relationship between the cutoff frequency (fc) and
the penalties from the viewpoints of the inter-symbol in-
terference, respectively. The curve C1 corresponds to
an example in which the electric equalizer 14 is not pro-
vided. The curve C2 corresponds to an example in which
the electric equalizer 14 is provided. The both curves
indicate that the penalties increase when the cutoff fre-
quency is reduced. However, as shown in the curve C1,
if the electric equalizer 14 is not provided, the penalty
has a rapid increase according to a reduction in the cutoff
frequency.
[0024] The curve C3 is a graph of the relationship be-
tween the cutoff frequency (fc) and the penalty from the
viewpoints of the SNR of the received optical signal, ir-
respective of the presence of the electric equalizer. Dif-
ferently from the characteristics of the curves C1 and C2,
a cutoff frequency (fb) which makes the penalty optimum
is present.
[0025] Fig. 3B is a graph of the relationships between
the cutoff frequency (fc) and the penalty from the view-
points of the inter-symbol interference and the SNR, re-
spectively. Namely, a curve K1 is a graph of the relation-
ship between the cutoff frequency (fc) and the total pen-
alty if the electric equalizer 14 is not provided. The curve
K1 is a combination of the curves C1 and C3 shown in
Fig. 3A. Likewise, a curve K2 is a graph of the relationship
between the cutoff frequency (fc) and the total penalty if
the electric equalizer 14 is provided. The curve K2 is a
combination of the curves C2 and C3 shown in Fig. 3A.
[0026] As shown in Fig. 3A, if the cutoff frequency of
the lowpass filter 12 is reduced to narrow a pass-band-
width, the cutoff frequency that makes the total penalty
optimum is present, irrespective of the presence of the
electric equalizer 14.
[0027] Further, if the cutoff frequency of the lowpass
filter 12 is reduced to be equal to or lower than this opti-
mum frequency to thereby narrow the pass-bandwidth,
the total penalty increases. This characteristic is such
that the deterioration in the signal waveform of the
band-limited optical signal is grater as the pass-band-
width is narrower because of the effect of the inter-symbol
interference resulting from the band-limitation.
[0028] In addition, the cutoff frequency for minimizing
(optimizing) the total penalty if the electric equalizer 14
is provided differs from that if the electric equalizer 14 is
not provided. Namely, the optimum cutoff frequency if
the electric equalizer 14 is not provided is fa with which
the curve K1 has a minimum. The optimum cutoff fre-
quency if the electric equalizer 14 is provided is fb with
which the curve K2 has a minimum.
[0029] This fb is preferably set so that the fb and the
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bit rate frequency Rb of the optical signal satisfy a rela-
tionship of fb<(Rb/2). That is, the cutoff frequency of the
lowpass filter 12 is preferably set equal or equivalent to
a half the bit rate frequency.
[0030] Furthermore, as shown in Fig. 3B, if the electric
equalizer 14 is provided, the effect of improving the total
penalty by ∆P is produced. Conversely, by providing the
electric equalizer 14, an allowed width of the set cutoff
frequency of the lowpass filter 12 so as to set the total
penalty at a desired total penalty widens. Namely, as
shown in Fig. 3B, the cutoff frequency fb can be set at
an arbitrary value between fb1 and fb2 (fb1<fb2), thereby
increasing flexibility of setting of a parameter for the
band-limitation.
[0031] As explained above, according to the optical
receiver in the second embodiment, the degree of the
signal quality degradation caused by the effect of the
inter-symbol interference resulting from the band-limita-
tion and the effect of the SNR is suppressed to a minimum
in the determination of the electric band of the receiver.
It is thereby possible to easily realize the supply of a
high-quality signal to the decision circuit.
[0032] In the second embodiment, the optical receiver
is constituted so that the lowpass filter having the electric
band-limiting function is arranged on a receiving end. De-
pending on the configuration of the optical transmission
system, the electric band-limiting filter having the electric
band-limiting function can be provided on a transmitting
end. If so, it goes without saying that an optimum electric
band can be designed as total optical transmission char-
acteristics.

THIRD EMBODIMENT

[0033] Fig. 4 is a block diagram which depicts a con-
figuration of an optical receiver according to a third em-
bodiment of the present invention. The optical receiver
shown in Fig. 4 includes a decision circuit 15 that receives
the output (the electric signal) of an electric equalizer 14
and a forward error correction code (FEC) decoder 16
that receives an output (the electric signal) of the decision
circuit 15 in addition to the constituent elements shown
in Fig. 1. The optical receiver shown in Fig. 4 also includes
a control circuit 17 connected to the amplifier 13, the elec-
tric equalizer 14, and the decision circuit 15 by control
signal lines.
[0034] An operation of this optical receiver will next be
explained with reference to Fig. 4. Since the operation
performed until the band-limited signal, the output level
of which is adjusted by the electric equalizer 14, is output
is the same as that according to the first embodiment, it
will not be explained herein.
[0035] With reference to Fig. 4, the signal output from
the electric equalizer 14 is input to the decision circuit
15. The decision circuit 15 decides and reproduces the
input signal, and outputs a reproduced frame signal to
the FEC decoder 16. The FEC decoder 16 performs error
detection and error correction on the input frame signal.

At this time, transmission error information (e.g., the
number of error corrections and alarm information) gen-
erated based on an error information detecting function
and an error information correcting function inherent in
the FEC decoder 16 is output to the control circuit 17.
The control circuit 17 generates a control signal for cor-
recting transmission error based on the transmission er-
ror information transmitted from the FEC decoder 16, and
transmits the control signal to the amplifier 13, the electric
equalizer 14, and the decision circuit 15.
[0036] To further facilitate controlling of the electric
equalizer 14, it is necessary to easily estimate a param-
eter controlled by the electric equalizer 14. For example,
by enabling estimation of an equalization parameter that
uses a known data sequence, an operation amount and
a circuit scale of the control circuit 17 can be reduced,
as compared with an instance of performing a complete
blind equalization.
[0037] In addition, by controlling the amplifier 13, an
amplitude of the input electric signal input to the electric
equalizer 14 can be appropriately adjusted according to
a fluctuation in a state of a transmission path, and a stable
operation of the electric equalizer 14 can be realized.
[0038] Furthermore, the signal waveform output from
the electric equalizer 14 to the decision circuit 15 is nor-
mally an analog signal subjected to a finite band-limita-
tion. Therefore, by always setting a discrimination thresh-
old of the decision circuit 15 in an optimum state, the
influence of an unintended waveform distortion generat-
ed in the electric equalizer 14 can be suppressed to a
minimum.
[0039] In order to realize these functions, an excellent
error-correction code is preferably used for the error in-
formation detection function and the information correct-
ing function. For example, it is preferable to use a
Reed-Solomon sequence (255, 239), a Bose-Chaudhu-
ri-Hocquenenghem (BCH) sequence, or the like as the
error-correction code.
[0040] If the error-correction code is used, a frame
structure such as an optical transport network (OTN)
transmission frame specified in ITU-T G. 709 is normally
employed. A known bit sequence (e.g., a frame synchro-
nization pulse) for the system can be buried particularly
in an overhead of this OTN transmission frame as a
known sequence of the error-correction code. By using
the known bit sequence buried in this OTN transmission
frame, the estimation of an optimum equalization param-
eter 14 allocated to the electric equalizer can be realized
with a smaller circuit scale and a smaller operation
amount.
[0041] Furthermore, with the use of the error-correc-
tion code, the number of error corrections can be detect-
ed. Consequently, in the control of a discrimination
threshold of the decision circuit 15, the discrimination
threshold can be set on the position where the detected
number of errors is minimum, and an optical receiver with
a higher performance can be achieved.
[0042] As explained above, according to the optical
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receiver in the third embodiment, the optical receiver that
has an excellent performance can be obtained with a
smaller circuit scale when constituting the optical receiver
using the electric equalizing unit. The optical receiver us-
ing the electric equalizer can be constituted to have an
excellent function and to be small in size.

FOURTH EMBODIMENT

[0043] Fig. 5 is a block diagram which depicts a con-
figuration of an optical transmission system according to
a fourth embodiment of the present invention. The optical
transmission system in Fig. 5 applies the optical receiver
shown in Fig. 1, as a receiver to process wavelength
multiplexing signals of five waves.
[0044] The configuration shown in Fig. 5 is explained
first. The optical transmission system shown in Fig. 5
includes, on a transmitting end, five optical transmitters
20a to 20e, an optical coupler 21 which couples outputs
(optical signals) of these optical transmitters 20a to 20e,
and an optical band-limiting filter 10 which receives an
output of the optical coupler 21. An output of the optical
band-limiting filter 10 here is coupled with an optical fiber
22 and transmitted to a receiving end.
[0045] On the receiving end, the optical transmission
system includes an optical branching filter 23 which re-
ceives an output of the optical fiber 22 and fiver receivers
24a to 24e which receive optical signals branched by the
optical branching filter 23, respectively. Since the five
optical receivers 24a to 24e have the same configuration,
an internal configuration of one of the receivers, i.e., the
optical receiver 24c is shown in Fig. 5. That is, the receiver
24c includes a channel select filter 25 which selects one
wavelength-division-multiplexed (WDM) signal, the op-
to-electric converter 11 which receives the output (optical
signal) of the channel select filter 25, the lowpass filter
12 which receives the output (electric signal) of the op-
to-electric converter 11, and the electric equalizer 14
which receives the output (electric signal) of the lowpass
filter 12.
[0046] For the sake of explanation, the amplifier 13
mentioned in the first to the third embodiments as well
as the decision circuit 15, the FEC decoder 16, and the
control circuit 17 mentioned in the third embodiment have
been omitted from Fig. 5. In addition, as mentioned in
the first and the second embodiments, the optical trans-
mission system in the fourth embodiment has the optical
band-limiting filter 10 arranged on the transmitting end.
[0047] An operation of this optical transmission system
will next be explained with reference to Fig. 5. In Fig. 5,
channel signals of the optical transmitters 20a to 20e are
coupled with one another by the optical coupler 21, and
the coupled WDM signal is output to the optical band-lim-
iting filter 10. The optical band-limiting filter 10 imposes
a band-limitation on this WDM signal. This optical
band-limiting filter 10 is provided so as to collectively nar-
row a band of the WDM signal. As the filter 10, a filter
(e.g., interleaver or arrayed waveguide grating (AWG))

having periodicity relative to a wavelength can be used,
for example. If the optical coupler 21 is designed to in-
clude an optical pass-band so as to be able to perform
both optical coupling and band-limitation, the optical cou-
pler 21 can also function as the optical band-limiting filter
10.
[0048] On the receiving end, the WDM signal transmit-
ted by the optical fiber 22 is branched by the optical
branching filter 23 and input to the optical receiver 24c.
The channel select filter 25 provided in the optical receiv-
er 24c is inserted so as to remove noise in bands other
than a desired optical signal band. If the optical branching
filter 23 does not completely suppress adjacent channels
or does not completely suppress amplified spontaneous
emission (ASE) noise, the channel select filter 25 is in-
serted so as to suppress these unnecessary wave com-
ponents. If the optical branching filter 23 has sufficient
filtering characteristics, the channel select filter 25 can
be omitted.
[0049] Figs. 6A to 6C, and Fig. 7A to 7C are explana-
tory views which explain a state of a change in an optical
spectrum if a multiplicity is increased in wavelength divi-
sion multiplexing. Specifically, Fig. 6A is a waveform view
for a frequency spectrum of a non-return-to-zero (NRZ)
optical signal at 10 Gb/s. Fig. 6B is a connection block
diagram around the optical coupler 21 if this NRZ optical
signal is multiplexed. Fig. 6C is a waveform view for a
frequency spectrum of a WDM signal obtained by multi-
plexing five waves of the NRZ optical signal at 10 Gb/s
at intervals of 100 Ghz. A frequency utilization efficiency
of the WDM signal shown in Fig. 6C is 0.1 (bit/s/Hz).
[0050] Likewise, Fig. 7A is a waveform view for a fre-
quency spectrum of a non-return-to-zero (NRZ) optical
signal at 10 Gb/s. Fig. 7B is a connection block diagram
around the optical coupler 21 if this NRZ optical signal is
multiplexed. Fig. 7C is a waveform view for a frequency
spectrum of a WDM signal obtained by multiplexing five
waves of the NRZ optical signal at 10 Gb/s at intervals
of 10 Ghz. A frequency utilization efficiency of the WDM
signal shown in Fig. 7C is 1 bit/s/Hz, and set to be ten
times as high as that of the WDM signal shown in Fig. 6C.
[0051] Normally, as shown in Figs. 6A and 7A, the NRZ
optical signal at 10 Gb/s has a bandwidth (an entire band-
width) of the optical spectrum of 20 Ghz. Due to this, as
shown in Fig. 6C, if the optical signal is multiplexed at
sufficiently wide intervals, a penalty of a crosstalk be-
tween the channels hardly occurs.
[0052] However, as shown in Fig. 7C, if the optical sig-
nal is wavelength-multiplexed at intervals equal to the
spectrum width of a single channel so as to increase the
frequency utilization efficiency, the penalty of the cross-
talk of the adjacent channels cannot be ignored. There-
fore, it is necessary to provide the band-limiting filter 10
as shown in Fig. 7B, for example, and to multiplex each
channel signal while limiting the optical spectrum width
so as to sufficiently reduce the crosstalk between the
adjacent channels.
[0053] Fig. 8 depicts waveform observation points, at
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which the waveform of the transmitted WDM signal is
observed, on the block diagram of the system. Figs. 9A
to 9G depict frequency spectra or eye patterns of optical
signals or electric signals at the respective observation
points shown in Fig. 8. Figs. 10A and 10B are block di-
agrams which depicts detailed configuration examples
of the electric equalizer 14.
[0054] The waveforms shown in Figs. 9A to 9G will be
explained specifically. Fig. 9A is a waveform view for a
frequency spectrum of an NRZ signal (S1) on a trans-
mission channel 1. In the fourth embodiment, the NRZ
optical signal (S1 ) equal to the NRZ optical signal at 10
Gb/s shown in Figs. 6A and 7A is used. Fig. 9B is a wave-
form view for the eye pattern of the NRZ optical signal
(S1) shown in Fig. 9A. Fig. 9C is a waveform view for a
frequency spectrum of an NRZ signal (S2). In the fourth
embodiment, the NRZ optical signal (S2) obtained by lim-
iting the bandwidth of the NRZ optical signal at 10 Gb/s
to a filter pass-width of 10 Ghz, and multiplexing five
waves of the signal at intervals of 10 Ghz is used.
[0055] Fig. 9D is a waveform view for a frequency spec-
trum of an optical signal (S3) on a reception channel 1
just before the signal is input to the opto-electric converter
11. Fig. 9E is a waveform view for an eye pattern of an
electric signal (S4) on the reception channel 1 just before
the signal is input to the electric equalizer 14. Fig. 9F is
a waveform view for an eye pattern of an output signal
(S5) which has been passed through the electric equal-
izer if the FFE is employed as the electric equalizer 14.
Fig. 9G is a waveform view for an eye pattern of the output
signal (S5) which has been passed through the electric
equalizer if the DFE is employed as the electric equalizer
14.
[0056] The waveforms shown in Figs. 10A and 10B
will be explained specifically. Fig. 10A is a block diagram
which depicts one example of a configuration of the FFE.
Fig. 10B is a block diagram which depicts one example
of a configuration of a combination of the FFE and the
DFE.
[0057] The electric equalizer can be constituted as an
FFE 14a shown in Fig. 10A by combining delay circuits,
addition circuits, and the like. Likewise, the electric equal-
izer that is the combination of the FFE and the DFE can
be constituted so that an output of the FFE 14a is received
and processed by a DFE 14b as shown in Fig. 10B. The
DFE 14b, the block diagram of which is shown in Fig.
10B, is constituted to include a decision circuit, which is
normally arranged right in rear of the electric equalizer.
[0058] Referring back to Figs. 9A to 9G, when attention
is brought to the waveforms of Figs. 9A to 9F, the follow-
ing aspects are clarified. With reference to the eye pattern
shown in Fig. 9E, an eye opening is reduced. This evi-
dently shows that the receive signal is degraded. The
reason of the degradation is as follows. As a result of
imposing the band-limitation on the optical signal stage
so as to improve the wavelength multiplicity (or frequency
utilization efficiency), beat noise resulting from the cross-
talk between the adjacent channels is reduced. However,

the influence of the inter-symbol interference due to the
band-limitation is increased.
[0059] The waveform of the optical signal just before
the signal is passed through the electric equalizing unit
as shown in Fig. 9E will be compared with the waveforms
of the optical signal after the signal is passed through the
electric equalizing unit as shown in Figs. 9F and 9G, re-
spectively. The comparisons evidently show that the de-
terioration of the eye opening before the optical signal is
passed through the electric equalizing unit is improved
after the optical signal is passed through the electric
equalizing unit. This means that, even if the inter-symbol
interference is increased due to excessive band-limita-
tion, the influence of the inter-symbol interference can
be lessened as long as the electric equalizer 14 used as
the electric signal waveform equalizing unit has a suffi-
cient ability. In addition, these results indicate that, even
if the wavelength multiplicity is increased so as to improve
the frequency utilization efficiency, the degradation of the
signal quality resulting from the band-limitation can be
suppressed by using the electric equalizer 14 as well as
the optical signal band-limitation.
[0060] Fig. 11 is a graph which depicts a relationship
between frequency utilization efficiency and Q-factor
penalty, depending on the presence of the electric equal-
izer 14. The graph shown in Fig. 11 is one example of a
result of a calculation performed to quantitatively evalu-
ate the effect of the electric equalizer 14 in the configu-
ration of Fig. 8. In this calculation, it is assumed that a
signal bit rate is 10 Gb/s, the pass-band (FWHM) of the
band-limiting filter is equivalent to the wavelength-multi-
plexing interval (e.g., the filter pass-band is 10 Ghz when
the signal is multiplexed at intervals of 10 Ghz), and the
SNR of the optical signal is 20 decibels (with a resolution
of 0.1 nanometer). In addition, a Q-factor penalty is used
as an index for estimating a degree of improvement.
[0061] In Fig. 11, a curve plotted with squares repre-
sents characteristics if the electric equalizer is not pro-
vided, and that plotted with circles represents character-
istics if the FFE 14a shown in Fig. 10A is employed as
the electric equalizer, and that plotted with triangles rep-
resents characteristics if the FFE 14a and the DFE 14b
shown in Fig. 10B are employed as the electric equalizer.
[0062] The calculation results shown in Fig. 11 clarify
the following aspects. Attention is now brought to a ver-
tical-axis direction (the Q-factor penalty). A signal quality
improvement of about three decibels is obtained for the
frequency utilization efficiency of, for example, 1 bit/s/Hz
(of the optical signal wavelength-multiplexed at intervals
of 10 Ghz) by the use of the electric equalizer. Attention
is then brought to a horizontal-axis direction (the frequen-
cy utilization efficiency). The frequency utilization effi-
ciency of 1 bit/s/Hz can be obtained while maintaining
the signal quality with the utilization efficiency of 0.8
bit/z/Hz if the electric equalizer is not used. This means
that the improvement of the frequency utilization efficien-
cy can be easily realized by using both the electric equal-
izer and the band-limiting technique.
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[0063] In this way, both the band-limiting technique
and the electric equalizing unit are used, the optical spec-
trum is subjected to the band-limitation so as to be able
to sufficiently suppress the crosstalk between the adja-
cent channels, and the effect of the inter-symbol interfer-
ence generated by the excessive band-limitation is sup-
pressed by the electric equalizing unit. It is thereby pos-
sible to realize more efficient wavelength-division-multi-
plexing transmission for a finite transmission band. It is,
therefore, possible to easily increase a transmission ca-
pacity.
[0064] In the fourth embodiment, the optical transmis-
sion system relating to the WDM signal having five wave-
lengths modulated at 10 Gb/s has been explained. How-
ever, the bit rate frequency, the number of multiplexed
wavelengths, the wavelength-division-multiplexing inter-
val, and the like are not limited to those in the fourth em-
bodiment. Further, the effect of the equalizer has been
evaluated, taking the two types of electric equalizers
shown in Figs. 10A and 10B as examples. However, ap-
plicable electric equalizers are not limited to those shown
in Figs. 10A and 10B.
[0065] As explained so far, according to the optical re-
ceiver of the present invention, a full width at half maxi-
mum of the optical band-limiting filter which imposes the
band-limitation on the input optical signal is set equivalent
to or smaller than the bit rate frequency of the optical
signal. Therefore, the SNR of the received signal can be
improved. On the other hand, the waveform distortion
and the inter-symbol interference generated by the opti-
cal band-limitation are eliminated by the equalization
processing using the electric equalizer. Therefore, the
optical receiver with high frequency utilization efficiency
can be advantageously, easily constructed.
[0066] According to the optical receiver of the next in-
vention, a parameter of the electric equalizer is estimated
based on a known sequence of an error-correction code
buried in an overhead of a transmission frame. Therefore,
the optimum equalization parameter of the electric equal-
izer can be estimated at high rate, and the circuit scale
can be reduced. Therefore, a small-sized, high-perform-
ance optical receiver can be advantageously obtained.
[0067] According to the optical receiver of the next in-
vention, a parameter of the electric equalizer is estimated
based on a frame synchronization pulse buried in an
overhead of a transmission frame. Therefore, the opti-
mum equalization parameter of the electric equalizer can
be estimated at high rate, and the circuit scale can be
reduced. Therefore, a small-sized, high-performance op-
tical receiver can be advantageously obtained.
[0068] According to the optical receiver of the next in-
vention, a discrimination threshold of the decision circuit
is set based on the number of error corrections. There-
fore, the performance of the optical receiver can be ad-
vantageously improved.
[0069] According to the optical receiver of the next in-
vention, amplitude of the input signal input to the electric
equalizer is appropriately adjusted in accordance with a

fluctuation in a state of a transmission path. Therefore,
even with a fluctuation in the optical waveform following
the fluctuation in the state of the transmission path, the
optical receiver can stably operate, advantageously.
[0070] According to the optical receiver of the next in-
vention, a cutoff frequency of the lowpass filter is set
equal to or lower than a half of a bit rate frequency of the
optical signal. Therefore, it is advantageously possible
to impose the band-limitation on the signal so that the
SNR on the receiving end is optimum, and easily improve
the quality of the received signal.
[0071] According to the optical receiver of the next in-
vention, the cutoff frequency of the lowpass filter is set
so that a total penalty that compensates for the signal
quality degradation dependent on a signal-to-noise ratio
and a signal quality degradation resulting from an in-
ter-symbol interference is smaller. Therefore, it is advan-
tageously possible to impose the band-limitation on the
signal so that the SNR on the receiving end is optimum,
and easily improve the quality of the received signal.
[0072] According to the optical receiver of the next in-
vention, a parameter of the electric equalizer is estimated
based on a known sequence of an error-correction code
buried in an overhead of a transmission frame. Therefore,
the optimum equalization parameter of the electric equal-
izer can be estimated at high rate, and the circuit scale
can be reduced. Therefore, a small-sized, high-perform-
ance optical receiver can be advantageously obtained.
[0073] According to the optical receiver of the next in-
vention, a parameter of the electric equalizer is estimated
based on a frame synchronization pulse buried in an
overhead of a transmission frame. Therefore, the opti-
mum equalization parameter of the electric equalizer can
be estimated at high rate, and the circuit scale can be
reduced. Therefore, a small-sized, high-performance op-
tical receiver can be advantageously obtained.
[0074] According to the optical receiver of the next in-
vention, a discrimination threshold of the decision circuit
is set based on the number of error corrections. There-
fore, the performance of the optical receiver can be ad-
vantageously improved.
[0075] According to the optical receiver of the next in-
vention, amplitude of the input signal input to the electric
equalizer is appropriately adjusted in accordance with a
fluctuation in a state of a transmission path. Therefore,
even with a fluctuation in the optical waveform following
the fluctuation in the state of the transmission path, the
optical receiver can stably operate, advantageously.
[0076] According to the optical transmission system of
the next invention, a full width at half maximum of the
optical band-limiting filter which imposes the band-limi-
tation on the input optical signal is set equivalent to or
smaller than the bit rate frequency of the optical signal.
Therefore, the SNR of the received signal can be im-
proved. On the other hand, the waveform distortion and
the inter-symbol interference generated by the optical
band-limitation are eliminated by the equalization
processing using the electric equalizer. Therefore, the
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optical transmission system with high frequency utiliza-
tion efficiency can be advantageously, easily construct-
ed.
[0077] According to the optical transmission system of
the next invention, a parameter of the electric equalizer
is estimated based on a known sequence of an error-cor-
rection code buried in an overhead of a transmission
frame. Therefore, the optimum equalization parameter
of the electric equalizer can be estimated at high rate,
and the circuit scale can be reduced. Therefore, a
small-sized, high-performance optical receiver can be
advantageously obtained.
[0078] According to the optical transmission system of
the next invention, a parameter of the electric equalizer
is estimated based on a frame synchronization pulse bur-
ied in an overhead of a transmission frame. Therefore,
the optimum equalization parameter of the electric equal-
izer can be estimated at high rate, and the circuit scale
can be reduced. Therefore, a small-sized, high-perform-
ance optical receiver can be advantageously obtained.
[0079] According to the optical transmission system of
the next invention, a discrimination threshold of the de-
cision circuit is set based on the number of error correc-
tions. Therefore, the performance of the optical receiver
can be advantageously improved.
[0080] According to the optical transmission system of
the next invention, amplitude of the input signal input to
the electric equalizer is appropriately adjusted in accord-
ance with a fluctuation in a state of a transmission path.
Therefore, even with a fluctuation in the optical waveform
following the fluctuation in the state of the transmission
path, the optical receiver can advantageously, stably op-
erate.
[0081] According to the optical transmission system of
the next invention, a full width at half maximum of the
optical band-limiting filter which imposes the band-limi-
tation on the input optical signal is set equivalent to or
smaller than the bit rate frequency of the optical signal,
and a cutoff frequency of the lowpass filter is set equal
to or lower than a half of a bit rate frequency of the optical
signal. Accordingly, the band-limitation on the signal, by
which the SNR on the receiving end is optimum, is im-
posed in both the optical region and the electric region,
and the waveform distortion and the inter-symbol inter-
ference generated by the optical band-limitation are elim-
inated by the equalization processing using the electric
equalizer. Therefore, it is advantageously possible to
easily improve the quality of the received signal, and to
easily construct the optical transmission system with high
frequency utilization efficiency.
[0082] According to the optical transmission system of
the next invention, the cutoff frequency of the lowpass
filter is set so that a total penalty that compensates for a
signal quality degradation dependent on a sig-
nal-to-noise ratio and a signal quality degradation result-
ing from an inter-symbol interference is smaller. There-
fore, it is advantageously possible to impose the
band-limitation on the signal so that the SNR on the re-

ceiving end is optimum, and easily improve the quality
of the received signal.
[0083] According to the optical transmission system of
the next invention, a parameter of the electric equalizer
is estimated based on a frame synchronization pulse bur-
ied in an overhead of a transmission frame. Therefore,
the optimum equalization parameter of the electric equal-
izer can be estimated at high rate, and the circuit scale
can be reduced. Therefore, a small-sized, high-perform-
ance optical receiver can be advantageously obtained.
[0084] According to the optical transmission system of
the next invention, a discrimination threshold of the de-
cision circuit is set based on the number of error correc-
tions. Therefore, the performance of the optical receiver
can be advantageously improved.

INDUSTRIAL APPLICABILITY

[0085] As explained so far, the optical receiver and the
optical transmission system according to the present in-
vention are suited for improving the ability of the optical
transmission system such as the acceleration of the
transmission rate and the improvement of the frequency
utilization efficiency.

Claims

1. An optical receiver comprising:

an optical band-limiting filter which imposes a
band-limitation on an input optical signal;
an opto-electric converter which converts the
optical signal output from the optical band-limit-
ing filter into an electric signal; and
an electric equalizer which performs an equali-
zation processing on a signal waveform of the
electric signal output from the opto-electric con-
verter, wherein
a full width at half maximum of the optical
band-limiting filter is equivalent to or smaller
than a bit rate frequency of the optical signal.

2. The optical receiver according to claim 1, further
comprising:

a decision circuit which decides and reproduces
an output signal output from the electric equal-
izer;
an FEC decoder which performs error detection
and error correction on a frame signal output
from the decision circuit, and which detects the
number of error corrections of the frame signal;
and
a control circuit to which the number of error cor-
rections is transmitted, wherein
the control circuit estimates a parameter of the
electric equalizer based on a known sequence
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of an error-correction code buried in an over-
head of a transmission frame.

3. The optical receiver according to claim 1, wherein
the control circuit estimates a parameter of the elec-
tric equalizer based on a frame synchronization
pulse buried in an overhead of a transmission frame.

4. The optical receiver according to claim 1, further
comprising:

a decision circuit which decides and reproduces
an output signal output from the electric equal-
izer;
an FEC decoder which performs error detection
and error correction on a frame signal output
from the decision circuit, and which detects the
number of error corrections of the frame signal;
and
a control circuit to which the number of error cor-
rections is transmitted, wherein
the control circuit sets a discrimination threshold
of the decision circuit based on the number of
error corrections.

5. The optical receiver according to claim 1, further
comprising:

an amplifier which amplifies an output signal out-
put to the electric equalizer;
a decision circuit which decides and reproduces
an output signal output from the electric equal-
izer;
an FEC decoder which performs error detection
and error correction on a frame signal output
from the decision circuit, and which detects the
number of error corrections of the frame signal;
and
a control circuit to which the number of error cor-
rections is transmitted, wherein
the control circuit controls the amplifier to appro-
priately adjust an amplitude of the input signal
input to the electric equalizer in accordance with
a fluctuation in a state of a transmission path.

6. An optical receiver comprising:

an opto-electric converter which converts an in-
put optical signal into an electric signal;
a lowpass filter which imposes a band-limitation
on the electric signal output from the opto-elec-
tric converter; and
an electric equalizer which performs an equali-
zation processing on a signal waveform of the
electric signal output from the lowpass filter,
wherein
a cutoff frequency of the lowpass filter is equal
to or lower than a half of a bit rate frequency of

the optical signal.

7. The optical receiver according to claim 6, wherein
the cutoff frequency of the lowpass filter is set so that
a total penalty that compensates for a signal quality
degradation dependent on a signal-to-noise ratio
and a signal quality degradation resulting from an
inter-symbol interference is smaller.

8. The optical receiver according to claim 6, further
comprising:

a decision circuit which decides and reproduces
an output signal output from the electric equal-
izer;
an FEC decoder which performs error detection
and error correction on a frame signal output
from the decision circuit, and which detects the
number of error corrections of the frame signal;
and
a control circuit to which the number of error cor-
rections is transmitted, wherein
the control circuit estimates a parameter of the
electric equalizer based on a known sequence
of an error-correction code buried in an over-
head of a transmission frame.

9. The optical receiver according to claim 6, further
comprising:

a decision circuit which decides and reproduces
an output signal output from the electric equal-
izer;
an FEC decoder which performs error detection
and error correction on a frame signal output
from the decision circuit, and which detects the
number of error corrections of the frame signal;
and
a control circuit to which the number of error cor-
rections is transmitted, wherein
the control circuit estimates a parameter of the
electric equalizer based on a frame synchroni-
zation pulse buried in an overhead of a trans-
mission frame.

10. The optical receiver according to claim 6, further
comprising:

a decision circuit which decides and reproduces
an output signal output from the electric equal-
izer;
an FEC decoder which performs error detection
and error correction on a frame signal output
from the decision circuit, and which detects the
number of error corrections of the frame signal;
and
a control circuit to which the number of error cor-
rections is transmitted, wherein
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the control circuit sets a discrimination threshold
of the decision circuit based on the number of
error corrections.

11. The optical receiver according to claim 6, further
comprising:

an amplifier which amplifies an output signal out-
put to the electric equalizer;
a decision circuit which decides and reproduces
an output signal output from the electric equal-
izer;
an FEC decoder which performs error detection
and error correction on a frame signal output
from the decision circuit, and which detects the
number of error corrections of the frame signal;
and
a control circuit to which the number of error cor-
rections is transmitted, wherein
the control circuit controls the amplifier to appro-
priately adjust an amplitude of the input signal
input to the electric equalizer in accordance with
a fluctuation in a state of a transmission path.

12. An optical transmission system comprising an opti-
cal transmitter and an optical receiver, wherein
each of the optical transmitters includes an optical
band-limiting filter which imposes a band-limitation
on an optical signal, and
each of the optical receiver includes
an opto-electric converter which converts the optical
signal transmitted from the optical transmitter into an
electric signal; and
an electric equalizer which performs an equalization
processing on a waveform of the electric signal out-
put from the opto-electric converter, and wherein
a full width at half maximum of the optical band-lim-
iting filter is equivalent to or smaller than a bit rate
frequency of the optical signal.

13. The optical transmission system according to claim
12, wherein the optical receiver further includes
a decision circuit which decides and reproduces an
output signal output from the electric equalizer;
an FEC decoder which performs error detection and
error correction on a frame signal output from the
decision circuit, and which detects the number of er-
ror corrections of the frame signal; and
a control circuit to which the number of error correc-
tions is transmitted, wherein
the control circuit estimates a parameter of the elec-
tric equalizer based on a known sequence of an er-
ror-correction code buried in an overhead of a trans-
mission frame.

14. The optical transmission system according to claim
12, wherein the optical receiver further includes
a decision circuit which decides and reproduces an

output signal output from the electric equalizer;
an FEC decoder which performs error detection and
error correction on a frame signal output from the
decision circuit, and which detects the number of er-
ror corrections of the frame signal; and
a control circuit to which the number of error correc-
tions is transmitted, wherein
the control circuit estimates a parameter of the elec-
tric equalizer based on a frame synchronization
pulse buried in an overhead of a transmission frame.

15. The optical transmission system according to claim
12, wherein the optical receiver further includes
a decision circuit which decides and reproduces an
output signal output from the electric equalizer;
an FEC decoder which performs error detection and
error correction on a frame signal output from the
decision circuit, and which detects the number of er-
ror corrections of the frame signal; and
a control circuit to which the number of error correc-
tions is transmitted, wherein
the control circuit sets a discrimination threshold of
the decision circuit based on the number of error
corrections.

16. The optical transmission system according to claim
12, wherein the optical receiver further includes
an amplifier which amplifies an output signal output
to the electric equalizer;
a decision circuit which decides and reproduces an
output signal output from the electric equalizer;
an FEC decoder which performs error detection and
error correction on a frame signal output from the
decision circuit, and which detects the number of er-
ror corrections of the frame signal; and
a control circuit to which the number of error correc-
tions is transmitted, wherein
the control circuit controls the amplifier to appropri-
ately adjust an amplitude of the input signal input to
the electric equalizer in accordance with a fluctuation
in a state of a transmission path.

17. The optical transmission system according to claim
12, wherein the optical receiver further includes
a lowpass filter which imposes the band-limitation
on the electric signal output from the opto-electric
converter, and
a cutoff frequency of the lowpass filter is equal to or
lower than a half of a bit rate frequency of the optical
signal.

18. The optical transmission system according to claim
17, wherein
the cutoff frequency of the lowpass filter is set so that
a total penalty that compensates for a signal quality
degradation dependent on a signal-to-noise ratio
and a signal quality degradation resulting from an
inter-symbol interference is smaller.
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19. The optical transmission system according to claim
17, wherein the optical receiver further includes
a decision circuit which decides and reproduces an
output signal output from the electric equalizer;
an FEC decoder which performs error detection and
error correction on a frame signal output from the
decision circuit, and which detects the number of er-
ror corrections of the frame signal; and
a control circuit to which the number of error correc-
tions is transmitted, wherein
the control circuit estimates a parameter of the elec-
tric equalizer based on a frame synchronization
pulse buried in an overhead of a transmission frame.

20. The optical transmission system according to claim
17, wherein the optical receiver further includes
a decision circuit which decides and reproduces an
output signal output from the electric equalizer;
an FEC decoder which performs error detection and
error correction on a frame signal output from the
decision circuit, and which detects the number of er-
ror corrections of the frame signal; and
a control circuit to which the number of error correc-
tions is transmitted, wherein
the control circuit sets a discrimination threshold of
the decision circuit based on the number of error
corrections.
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